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Records of past climatic changes in desert environments are scarce due to the poor preservation of bio-
logical proxies. To overcome this lack we consider the paleoenvironmental signiﬁcance and age of a lun-
ette dune at the eastern rim of Playa San Bartolo (PSB) in the Sonoran Desert (Mexico).
Thermoluminescence and optical stimulated luminescence (TL and OSL) provide the chronology of lun-
ette dune development. Mineralogical, geochemical (major, trace and REE element concentrations) and
rock magnetic analyses allow for the assessment of sediment provenance and changes in the composition
of the PSB dune over time. The upper 6 m of dune accumulation occurred over the past 1.5 ka, largely dur-
ing AD 500–1200, a period that correlates with the Medieval climatic anomaly (AD 300–1300). Variability
in composition of dune sediments is attributed to changes in sediment sources. Sand sized deposits are
mainly eroded from granitoids from nearby outcrops. Sandy silt deposits, rich in evaporative minerals,
resulted after the ﬂooding of PSB, later deﬂation and accumulation of both detritic and authigenic com-
ponents in the dune. These ﬁndings suggest that main dune accretion occurred during regionally
extended drought conditions, disrupted by sporadic heavy rainfall.
 2013 The Authors. Published by Elsevier B.V. Open access under CC BY-NC-SA license. 1. Introduction
The present day arid and semiarid regions of northern Mexico
and the southwestern United States, the Mojave, Sonoran and Chi-
huahuan Deserts, have witnessed major climatic variations during
the late Quaternary (e.g. Tchakerian and Lancaster, 2002). For the
late Holocene, a decreasing rainfall and an effective moisture deﬁ-
cit are recorded over the last 5000 yr in a number of sites (e.g. Elias
and Van Devender, 1990). Climatic variability has persisted into
the late Holocene, evidenced by the record of extreme mega-
droughts over extensive areas of North America, including NW
Mexico, in tree-ring indicators for the last 800 yr (Stahle et al.,
2000; Villanueva et al., 2011). In the scenario of potential future
drier conditions (Dai et al., 2004), a better understanding of past
climate history would help in the assessment of the impact of cli-
matic change and in preparation for such an eventuality. Unlike
tropical areas for which lacustrine records of past climatic andenvironmental conditions are available, modern dry areas lack
high-resolution archives. The sparse vegetation and poor preserva-
tion of pollen and other microfossils, and the difﬁculties in estab-
lishment of a reliable chronology (suitable material and modern
dating methods) are among the reasons that have prevented de-
tailed reconstructions from these continental arid areas. In such
environments, knowledge of climatic history is often limited to eo-
lian deposits.
Dune deposits are a common feature in arid landscapes. As the
history of transport pathways and the dynamics of formation of
dunes are related to overall moisture balance, unconsolidated Qua-
ternary eolian sand ﬁelds are important in order to understand the
past climatic conditions. However, it has been pointed out that the
degree of dune activity is only indirectly a function of climate
(Muhs et al., 2003), as many of the dune ﬁelds in SE California seem
to be supply-limited or sediment-availability-limited systems.
Therefore, the degree of dune activity may not be related to mois-
ture balance per se, but rather to the effects of climate on the sup-
ply of new sediment from ﬂuvial or lacustrine sources (Lancaster,
1994; Muhs et al., 1995; Lancaster and Tchakerian, 1996; Clarke
and Rendell, 1998; Tchakerian and Lancaster, 2002). Dune con-
struction is determined by the production of sediment of a range
of suitable particles sizes, the availability of this sediment for
transport by wind, and the transport capacity of the wind (Kocurek
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its moisture content, vegetation cover, crusting and cohesion (Lan-
caster, 2009). Dune construction is possible if there is an adequate
sediment supply, if wind velocities exceed the threshold of particle
transport, and vegetation cover does not stabilize the land surface
(Pye and Tsoar, 1990).
Dunes in the Mojave and the US territory of Sonoran Deserts
have been extensively analyzed in order to understand the past cli-
matic conditions, including studies in geomorphology, sediment
origin and transport, and geochronology (e.g. Tchakerian, 1991;
Clarke, 1994; Clarke and Rendell, 1998; Muhs et al., 2003). How-
ever, this kind of studies is scarce in the Mexican territory of the
Sonoran Desert (e.g. Lancaster, 1995; Murillo et al., 1999; Bever-
idge et al., 2006; Kasper-Zubillaga et al., 2008).
A common feature in deserts is the presence of basins that are
periodically ﬂooded as result of rainfall and ineffective water dis-
charge; these are referred to as playa lakes or pans. Crescent dune
deposits (lunettes) often accumulate on the downwind fringe of
playas (Lancaster, 1978; Bowler, 1986; Goudie and Thomas,
1986). These are formed from (1) sediments accumulated in playas
during positive hydrological stages, which later are deﬂated from
the pan basin (Bowler, 1973, 1983; Lancaster, 1978); (2) from
washed inblown material (Thomas et al., 1993); or (3) from more
complex sediment source pathways (Telfer and Thomas, 2006).
They comprise sediment ranging from predominantly sand-sizedFig. 1. (a) Location Google Earth map of study site in the Sonoran Desert. (b) Geological
Geologico Mexicano, 2012). (c) Google Earth image showing the extension of the Playa Sa
(d) View to the PSB dry surface since the top of the lunette, and the Sierra Seri at the bquartz to almost pure clay (Telfer and Thomas, 2006). Clay fraction
in dunes may have a local origin. They can be present as sand-sized
aggregates formed in the pans by the efﬂorescence of salts or by
the mechanical disintegration of mud curls, and later blown and
accumulated into a dune (Bowler, 1973, 1983; Pye, 1987). There-
fore, their formation requires the presence of shallow saline water
bodies with seasonally exposed mud ﬂats, such as playa lakes. The
presence of more than 15–20% clay is usually sufﬁcient to produce
morphologic and structural features signiﬁcantly different from
those found in well-sorted quartz dunes (Bowler, 1973, 1983).
The ﬁne size fraction of dunes may also be dust from a distant ori-
gin, and several studies show that dust ﬂux has different responses
to environmental changes (e.g. Reynolds et al., 2007; Reheis and
Urban, 2011). On an annual basis, dust ﬂuxes increase during
drought periods at sites downwind of alluvial sources and dry
playa due partly to the die-off of drought-stressed vegetation on
alluvial sediments and to local intense rainfall events that deliver
fresh sediment during runoff (Reheis and Urban, 2011). Sites close
to wet playas (groundwater < 10 m deep) experience increases in
ﬂuxes of salt and silt-clay during El Niño and other cool-season
rainfall events (Reheis, 2006). Studies in the Mojave and south
Great Basin Deserts in the southwestern US show that dust depo-
sition responds to the interaction of local weather, seasonal and
decadal climate cycles such as ENSO and the summer monsoon
(Okin and Reheis, 2002; Reheis, 2006), wind speed (Stout, 2001),map of the Sierra Seri, Sierra Jojoval and the area drain by Bacoachi River (Servicio
n Bartolo (PSB) and the lunette dune. The star shows the exposed section of lunette.
ack. Xeric communities vegetation cover present in early spring.
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(Reheis, 2006), and land use (Belnap et al., 2009; Holcombe et al.,
1987). For all these reasons, the eolian components of playas, such
as the lunette dunes, have been used as proxies of paleoenviron-
mental conditions (e.g. Marker and Holmes 1995; Lawson and Tho-
mas 2002).
In this paper, we explore the characteristics, potential sediment
sources of sediments and the age of the Playa San Bartolo (PSB)
lunette dune in Sonoran Desert (Mexico), using geochemical and
magnetic mineralogical data. We also provide the ﬁrst thermolu-
minescence (TL) and optically stimulated luminescence (OSL) dat-
ing from a 6 m thick exposed sequence. Analysis of major, trace
and REE element concentrations with depth allows assessment of
possible changes in the composition of the PSB dune over time.
The magnetic properties of the PSB dune are analyzed in an at-
tempt to provide an additional, independent method for assessing
sediment provenance. The results of our study from the PSB are
compared to regional chronologies of dune accretion and other
paleoenvironmental data, which allows us to infer a model of the
conditions in the past under which the PSB lunette developed.
2. Setting
Playa San Bartolo (PSB, 29 2.390 N, 111 55.070 W) is the most
extensive playa lake (33.5 km2) in the Sonoran Desert (Fig. 1a).
PSB has an elongate shape oriented NW20, is 13 km long and
4 km wide, and is 5 m above sea level (asl). Its surface is ﬂat and
mostly dry, and only in the wettest summers of the 20th century
has it held an ephemeral water body as deep as 1 m (Lecolle
et al., 1977). Its origin is related to the Neogene extension of the
Gulf of California. PSB is limited at its west edge by the Sierra Seri
foothills, composed of Jurassic rhyolites and andesites, Cretaceous
granitic rocks, and an Oligocene sequence of rhyolites, andesites
and volcaniclastic rocks (Anderson and Silver, 1969; Gastil and
Krummenacher, 1974, 1977). The main range to the NE of PSB is
Sierra Jojoval, composed of Cretaceous granitic and andesitic rocks,Fig. 2. Meteorological data for Kino Bay town, 25 km south of PSB. Data are for years 197
January, May and August (Fernandez-Eguiarte et al., 2012).Paleogene rhyolites and Neogene conglomerates (Servicio Geolog-
ico Mexicano, 1999) (Fig. 1b). Conglomerate outcrops with clasts of
metavolcanic rocks and limestone with Permian fossils are present
at both sides of PSB (Gastil et al., 1973).
The PSB is located in the Bacoachi River basin, which originates
in the Sierra Jojoval. PSB is bounded in the east by a single lunette
dune ridge parallel to the playa; 13 km long, 0.5–1.5 km wide, and
of variable altitude between 25 and 40 m (Fig. 1c). The western
(playaward) side of the lunette is narrower and steeper than the
eastern section, and contains developing of badlands (Lecolle
et al., 1977). The complex structure of the lunette has been dis-
cussed elsewhere (Petit-Maire and Casta, 1977). At present the lun-
ette is sparsely vegetated with xeric communities (Fig. 1d),
including giant columnar cacti (Pachycereus pringlei), limberbush
(Jatropha cuneata), and other typical central gulf coast plants of
the Sonoran Desert (Shreve and Wiggins, 1964). The lunette dune
and alluvium are extensively covered with a thin (<1 mm), fragile,
dark cryptobiotic crust, composed mainly of algae and in some
cases associations between algae and fungi (Belnap and Lange,
2001).
The climate in PSB area is very dry, with mean annual temper-
atures of 20–22 C (Fig. 2; INEGI, 1993). The average annual pre-
cipitation is 130 mm (INEGI, 1993), 85–90% of which occurs
during summer, when trade winds bring moisture from the Gulf
of Mexico and southerly monsoon supplies moisture from the Pa-
ciﬁc. Between August and October, hurricanes developed in the
tropical Paciﬁc occasionally enter though the Gulf of California
delivering variable precipitation. During winter, westerlies are
the dominant wind system. The area experiences distinct in-
creases in winter precipitation during El Niño events and dry con-
ditions during La Niña. There are no surﬁcial wind speed and
direction data available for the PSB; however, a W-NW direction
for the prevailing winds is inferred from the eastward location of
the lunette from PSB and from the asymmetry of the dune slopes
(Lecolle et al., 1977). Surﬁcial oceanic wind monthly data com-
piled from 1996 to 2006 (Fernandez-Eguiarte et al., 2012), shows4–1993 (INEGI, 1993). Surﬁcial oceanic wind directions in the Gulf of California for
Fig. 3. Photograph of the exposed section at the western ﬂank of the lunette. The section is 5–7 m thick, discontinuously exposed in 25 m long outcrop, along a ﬂuvial
channel. The base of the exposed section is approximately at 5 m above the playa surface. Dashed lines indicate some of the thickest sandy silt deposits. Analyzed sections of
the sand deposits (yellow bars) and the sandy silt beds (brown bars). The location of OSL (yellow dots) and TL (blue dots) dated levels is shown. (For interpretation of the
references to color in this ﬁgure legend, the reader is referred to the web version of this article.)
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California from November to January, and an eastward shift from
SE to NW between February and May. The northwestward
direction prevails until September, and in October returns to
the SE via an eastward shift (Fig. 2).
Previous studies from PSB include geomorphologic and sedi-
mentological evidences of undated lake levels at +10 and +5 m
above the present dry playa surface (Lecolle et al., 1977; Petit-
Maire and Lancin, 1977). Fossil fragments of large mammals recov-
ered at another outcrop 7 m above the playa surface were dated by
14C at 7630 ± 460 yr B.P. (Petit-Maire and Casta, 1977) which corre-
sponds to a calibrated age of 8566 yr B.P. (Stuiver and Reimer,
1993), and a jaw fragment of a Camelops sp. recovered at the foot
of the lunette in the playa surface was dated 17,270 ± 1170 yr
B.P. (Lucas and Ortega, 1998) (20,943 cal yr B.P.), have been consid-
ered indicators of former wetter conditions in the PSB. Additionally
a 14C AMS date of 14,640 ± 60 yr B.P. (Beta-91758) (17,777 cal yr
B.P.) on bulk sediments at 0.5 m depth in the central part of PSB,
indicates that most of the Holocene record is absent in the playa
sediments (Ortega, unpublished data).
Our section is located at the western ﬂank of the lunette dune.
The section is exposed along a 25 m outcrop (Fig. 3), in a ﬂuvial val-
ley (up to 30 m wide), eroded by an ephemeral river disconnected
from the Bacoachi River, that dissects the lunette dune. It consists
of a 6–7 m thick exposed sequence of intercalated beds of centime-
ters to decimeters thick sand beds and indurated centimeters to
decimeters thick sandy silt strata, which are further described in
detail. The base of the exposed section is approximately at 5 m
above the playa surface.
3. Methodology
3.1. Particle size, geochemistry and rock magnetism properties
Sediments were characterized for grain size distribution, min-
eralogical and chemical composition and rock magnetism proper-
ties. The analysis of major, trace and rare earth element (REE)
concentrations, and the characteristics of magnetic mineralogy
with depth in the dune proﬁle allows assessment of possible
changes in the composition of the PSB dunes over time. Particle
size determinations were done on 12 samples, 7 from the sands
and 5 from the sandy silt layers (Fig. 3), using a Coulter laser
granulometer. Mineralogy was determined by X ray diffraction
(XRD) in six samples at the Instituto de Geología, UNAM. The
samples were ground with an agate pestle and mortar to
<75 lm and mounted in aluminum holders for X-ray powder dif-fraction analysis. The XRD patterns of random aggregates were
obtained with a Shimadzu XRD-6000 X-ray diffractometer
equipped with a Cu tube and graphite monochromator. Working
conditions were 30 mA and 40 kV. Samples were run at a speed
of 2 (2 h)/min (4–70). Phase identiﬁcation was made with a
PDF-2 database using Shimadzu software. Abundances of major
elements in eight samples were determined by energy dispersive
X ray ﬂuorescence (XRF) at the Laboratorio Universitario de Geo-
química Isotópica (LUGIS), UNAM (5 samples) and the Mineralog-
ical Institute, University of Munich (3 samples). Trace and rare
earth elements (REE) were determined commercially by Activa-
tion Laboratories, Ancaster, Canada in three samples and by the
Centro de Geociencias-UNAM (5 samples) using ICP-MS spec-
trometers. The results are presented in Table 1.
Mineral magnetic measurements in 50 samples follow the pro-
cedures described in Ortega et al. (2006). The magnetic methods
investigate the mineralogy, concentration and grain size distribu-
tion of Fe-bearing minerals, and have been used previously as inde-
pendent approach for assessing sediment provenance (Muhs et al.,
2003). The concentration of Fe-bearing minerals (primarily magne-
tite and Ti-magnetite) was determined by mass speciﬁc magnetic
susceptibility (v). Magnetic susceptibility was measured in a Bar-
tington MS2B instrument at two frequencies (0.47 and 4.7 kHz).
Several laboratory induced remanent magnetizations were applied
in order to investigate magnetic mineral composition and the size
distribution (domain state) of magnetic particles. Anhysteretic
remanent magnetization (ARM), and isothermal remanent magne-
tization (IRM) were measured in a Molspin ﬂuxgate magnetome-
ter. ARM were imparted in a 50 lT bias ﬁeld, superimposed on a
peak alternating ﬁeld (AF) of 100 mT in a Schonstedt GSD-1
demagnetizer. IRMs were imparted in an ASC pulse magnetizer.
The mineral composition of magnetic grains was analyzed by low
temperature (10–300 K) demagnetization of IRM acquired at
2.5 Teslas (T) in a Quantum Design MPMS SQUID magnetometer,
and by the coercivity spectra of IRM acquired at forward and back-
ward ﬁelds between 5 mT to 1 T. The ratios S300 (S300 = IRM300 mT/
IRM1 T  100) and HIRM300 (HIRM300 mT = IRM1 T  IRM300 mT) are
sensitive to the content of minerals such as hematite or goethite.
The grain size distribution of magnetic grains was estimated from
the frequency dependence of susceptibility (vfd%) and the ratios
ARM/v and ARM/IRM. vfd% is indicator of abundance of ultraﬁne
(<0.05 lm) superparamagnetic (SP) magnetite grains. ARM is sen-
sitive to ﬁne grained (0.1–0.05 lm) single domain (SD) magnetite,
and normalized by v or IRM yield values that are independent of
concentration. Higher values of vfd%, ARM/v and ARM/IRM indicate
higher abundance of smaller magnetic grains.
Table 1
Major (wt.%) and trace elements (ppm) for selected lunette sand samples and four granitoid rocks from Sonora, 15–150 km NW of PSB (RSC-7 (N30 120 330 0; W112 210 570 0), RSC-
11 (N29 500 430 0; W112 350 570 0), RSC-18 (N28 580 490 0;W112 060 220 0), TC96–6 (Tiburon Island, N29 050 260 0 , W112 030 380 0)). Gd = granodiorite; To = tonalite; n.d = not
determined.
Sample Sand Sand/silt Sand Sand/silt Sand SandD4 SandD2 SandD1 RSC-7 RSC-11 RSC18 TC96-6
Depth 0.55 m 1.50 m 2.40 m 3.00 m 4.35 m 4.00 m 4.90 m 6.30 m Gd To To To
Major Elements (wt.%)
SiO2 72.80 60.23 71.92 59.58 71.80 68.22 67.35 65.26 64.84 56.58 57.14 59.06
TiO2 0.26 0.43 0.22 0.44 0.24 0.35 0.29 0.31 0.46 0.92 0.96 0.84
Al2O3 11.67 15.07 12.12 15.03 12.51 14.57 14.08 14.12 14.70 17.55 17.42 17.00
Fe2O3 2.25 4.32 2.08 4.26 2.08 2.30 2.13 2.69 3.48 6.93 7.36 6.96
MnO 0.03 0.09 0.04 0.09 0.03 0.04 0.04 0.05 0.06 0.09 0.13 0.12
MgO 0.54 2.67 0.84 2.68 0.71 0.90 1.11 1.40 1.44 3.05 3.31 3.84
CaO 3.75 3.02 3.37 3.18 3.41 4.02 3.63 3.59 3.14 5.96 6.66 6.58
Na2O 2.96 4.76 3.12 5.16 3.25 4.05 3.90 4.18 3.70 4.01 3.14 3.26
K2O 3.69 3.27 3.38 3.26 3.62 3.05 3.39 3.37 3.56 2.35 1.82 1.78
P2O5 0.10 0.19 0.09 0.19 0.08 0.11 0.11 0.12 0.14 0.25 0.20 0.20
LOI 1.86 6.11 2.23 6.47 1.79 n.d. n.d. n.d. 0.52 0.96 0.64 0.78
Total 99.90 100.17 99.41 100.33 99.52 97.61 96.04 95.09 96.04 98.66 98.78 100.42
Trace Elements (ppm)
Li 12.13 66.77 20.57 67.28 15.83 n.d. n.d. n.d. n.d n.d n.d n.d
Sc 3.85 11.62 4.80 11.34 4.61 n.d. n.d. n.d. 6 12 20 20
Be 1.66 2.64 1.80 2.59 1.85 n.d. n.d. n.d. n.d n.d n.d n.d
B 14.08 110.48 46.18 108.54 27.16 n.d. n.d. n.d. n.d n.d n.d n.d
V 37.12 58.91 34.97 62.97 33.67 n.d. n.d. n.d. 56 117 143 145
Cr 35.78 35.92 34.31 35.02 34.19 n.d. n.d. n.d. n.d n.d n.d 63
Co 3.74 10.44 3.95 10.41 3.84 n.d. n.d. n.d. 96 47 52 48
Ni 16.15 23.19 17.17 22.70 16.87 n.d. n.d. n.d. n.d n.d n.d n.d
Cu 14.74 30.54 16.06 30.65 15.08 n.d. n.d. n.d. n.d n.d n.d n.d
Zn 20.57 81.36 27.89 81.79 23.43 n.d. n.d. n.d. n.d n.d 103 93
Sample Sand Sand/silt Sand Sand/silt Sand n.d. n.d. n.d. RSC-7 RSC-11 RSC18 TC96-6
Ga 12.75 18.87 13.38 18.73 13.47 n.d. n.d. n.d. 19 23 21 20
Rb 117 120 110 116 113 n.d. n.d. n.d. 150 92 64 58
Sr 532 511 495 521 467 n.d. n.d. n.d. 380 542 461 436
Y 10.73 18.77 10.65 18.86 11.26 n.d. n.d. n.d. 13 29 25 22
Zr 30 69 27 69 25 n.d. n.d. n.d. 135 223 144 153
Nb 6.89 10.75 6.03 10.37 6.88 n.d. n.d. n.d. 11 15 9 6
Mo 6.09 3.19 5.46 3.00 5.85 n.d. n.d. n.d. n.d n.d n.d n.d
Sn 1.24 1.78 1.16 1.75 1.23 n.d. n.d. n.d. n.d n.d n.d n.d
Sb 0.90 1.67 0.85 1.61 0.86 n.d. n.d. n.d. n.d n.d n.d n.d
Cs 1.66 6.26 2.11 6.17 1.94 n.d. n.d. n.d. 3.7 4.1 4.0 3.9
Ba 944 648 885 614 915 n.d. n.d. n.d. 774 909 801 640
La 19.61 31.08 19.95 31.19 19.72 n.d. n.d. n.d. 35.6 32.6 19.6 18.7
Ce 38.47 79.06 41.46 79.82 39.31 n.d. n.d. n.d. 61.4 66.1 40.8 40.1
Pr 4.23 7.13 4.45 7.03 4.31 n.d. n.d. n.d. 5.97 7.71 4.71 4.66
Nd 15.07 25.62 16.08 25.72 15.45 n.d. n.d. n.d. 21.6 33.3 19.3 19.5
Sm 2.68 4.77 2.91 4.62 2.78 n.d. n.d. n.d. 3.4 6.7 4.2 4.1
Eu 0.78 1.01 0.80 1.01 0.80 n.d. n.d. n.d. 0.74 1.49 1.19 1.13
Tb 0.33 0.59 0.34 0.57 0.34 n.d. n.d. n.d. 0.4 0.9 0.7 0.6
Gd 2.24 3.95 2.36 3.87 2.31 n.d. n.d. n.d. n.d n.d n.d n.d
Dy 1.83 3.29 1.85 3.25 1.88 n.d. n.d. n.d. 2.1 4.9 4.1 3.6
Ho 0.37 0.65 0.37 0.63 0.37 n.d. n.d. n.d. 0.4 0.9 0.8 0.7
Er 1.00 1.80 0.97 1.75 1.00 n.d. n.d. n.d. 1.3 3.0 2.6 2.2
Tm n.d n.d n.d n.d n.d n.d. n.d. n.d. 0.20 0.44 0.38 0.33
Yb 1.00 1.81 0.95 1.74 0.98 n.d. n.d. n.d. 1.2 2.5 2.4 2.0
Lu 0.15 0.28 0.14 0.27 0.15 n.d. n.d. n.d. 0.18 0.36 0.37 0.32
Hf 0.97 1.85 0.78 1.76 0.75 n.d. n.d. n.d. 4.0 6.0 3.8 3.9
Ta 0.75 0.85 0.53 0.80 0.78 n.d. n.d. n.d. 1.9 2.0 2.7 1.0
W 1.23 2.92 1.54 3.01 1.29 n.d. n.d. n.d. 345 129 154 136
Pb 15.28 24.57 15.12 23.86 15.30 n.d. n.d. n.d. n.d n.d 14 n.d
Th 6.60 13.69 6.48 13.08 6.09 n.d. n.d. n.d. 19.7 8.2 4.5 4.6
U 1.70 2.86 1.75 2.95 1.37 n.d. n.d. n.d. 3.6 2.1 1.6 1.4
Italics: XRF data from LUGIS-UNAM; shaded-grey: XRF data from the Mineralogical Institute, University of Munich; bold: ICP-MS data from CGEO-UNAM; all other data: XRF
and ICP-MS analyses from Activation Laboratories, Ancaster, Canada. Relative analytical uncertainties (1r) for major elements determined by analyses of secondary standards
were ±1–2% for Si, Al and Ca, ±2–5% for Fe, Mg and Na, ±5–8% for Ti, P and Mn.
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For comparative reasons the PSB dune chronology was devel-
oped using the Thermoluminescence (TL; e.g., Aitken, 1985; Wag-
ner, 1998) method as well as the Optical Stimulated Luminescence
(OSL; e.g., Bøtter-Jensen et al., 2003) technique. It has been shown
by various authors that these techniques can be successfully
applied to date eolian deposits such as loess or paleodunes (e.g.,Chawla et al., 1992; Baray and Zöller, 1993; Murray and Clemmen-
sen, 2001). In the case of paleodune dating, the luminescence ages
correspond generally to the last exposition to sunlight of the dune
sands, prior to covering by subsequent layers.
For TL dating we used the plateau method for partially bleached
sediments, which was ﬁrst proposed by Prószynska-Bordas (1985)
for loess dating and later modiﬁed by Mejdahl (1988), to date
quartz and feldspar grains from eolian deposits. In this technique,
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time. This gives a range of residual levels, subsequently measured
using the additive and/or regenerative dose method to produce a
series of paleodoses which are plotted versus temperatures. The
paleodose, which corresponds to the last bleaching event – the
event we interested in dating – is taken as that for which the lon-
gest plateau in a diagram of paleodose vs. temperature is obtained.
Nine samples collected from eight horizons of sand beds between
1.35 m and 5.9 m below the dune surface were dated (Figs. 3 and 4;
Table 2). Six quartz samples were dated with the OSL technique
and three with TL. OSL work was carried out on quartz grains at
the Nordic Laboratory for Luminescence Dating, Risø, Denmark
and analytical procedures are given in Bøtter-Jensen and Murray
(1999) and Murray and Wintle (2000). TL analytical work was per-
formed in the Laboratorio de Termoluminiscencia, Instituto de
Geofísica, UNAM. Because the TL and OSL signals are sensitive to
light, all analytical procedures were carried out under subdued
red light. The dune sands were sieved to obtain a 100–125 lm
grain size fraction from which we subsequently prepared ultra
pure (>99%) quartz grains via magnetic and heavy liquid separation
procedures. After a 40 min treatment with 40% HF to remove pos-
sible a-particle contributions, the quartz grains were washed with
hydrochloric acid and distilled water and 3 mg aliquots were
mounted on steel discs for luminiscence analyses. Approximately
30 (OSL) and 60 (TL) discs were prepared for each sample.
TL signals were measured using an automatic Daybreak 1100
reader with a combination of a Corning 7-59 and Hoya U 340 ﬁlters
(transmission peak at 340 nm) in front of an EMI 9635B photomul-
tiplier. The TL recordings were carried out under a 99.9995% nitro-
gen atmosphere and a heating rate of 5 C/s. Data handling was
performed with Daybreaks TLAPPLIC (version 3.23) software. For
b-irradiation a 90Sr source was used and the samples were stored
after irradiation for 10 days at room temperatures to avoid fadingFig. 4. (a) Simpliﬁed stratigraphic column of lunette dune outcrop. Section of mineral m
particle size distribution diagrams for sand (b) and sandy silt (c) sediments. (For interpret
version of this article.)effects. OSL signals were measured using an automated Risø TL/
OSL reader model TLDA 15 (Bøtter-Jensen et al., 2003), ﬁtted with
an Electron Tubes 9635 photomultiplier tube and a U340 detection
ﬁlter, blue stimulation diodes (470 ± 30 nm, 50 mW/cm2) and a
calibrated 90Sr/90Y beta source delivering 0.1 Gy/s to the sample
position.
The annual dose rate for TL samples was calculated from the
uranium, thorium, potassium and rubidium concentrations and
the cosmic ray contributions using the conversion factors given
by Adamiec and Aitken (1998). Element contents were determined
with a portable gamma ray spectrometer (Geofyzika Brno GS 512,
equipped with a 300  300 NaJ hand carry detector) in the widened
holes in three sampling sites. For the OSL samples, the dose rates
were derived from laboratory high-resolution gamma spectrome-
try measurements (Murray et al., 1987) using dose rate conversion
factors from Olley et al. (1996). As drought reconstructions provide
evidence of drier than average climate over western United States
and northern Mexico during the Medieval times (Cook et al., 2004),
and sequences of below average rainfall since ca. AD 750 have been
modeled for central and northern Mexico (Hunt and Elliot, 2002),
conditions in PSB are assumed to have been very dry since dune
formation and therefore no moisture corrections were applied to
the TL ages. The ﬁeld water content was used to modify the OSL
dose rates, but this correction was negligible (2%).4. Results and discussion
4.1. Stratigraphy, geochemistry and magnetic properties
The Playa San Bartolo lunette dune is predominantly composed
of sand size sediment beds. The exposed sequence exhibits several
intercalated beds of sand and indurated sandy silt beds (Fig. 4a).agnetic analysis is shown to the left (red dots). TL and OSL (in cursive) ages. Typical
ation of the references to color in this ﬁgure legend, the reader is referred to the web
Table 2
Luminescence dating details from the PSB lunette dune. OSL dating was carried out at Risø National Laboratory, TL dating was performed at UNAM.
Sample No. Depth (m) Method Paleodose (Gy) ±r Dose rate (Gy/ka) ±r Age (ka) ±r
PSB 0 5.70 OSL 4.82 0.23 3.22 0.17 1.50 0.11
PSB 1 5.0 OSL 3.92 0.15 3.44 0.16 1.14 0.07
Dun 1 4.75 OSL 4.66 0.27 3.85 0.18 1.21 0.09
Nucleus 1 3.90 TL 3.98 0.17 3.33 0.20 1.19 0.12
PSB 2 3.05 OSL 2.64 0.11 3.58 0.17 1.02 0.06
Nucleus 2 2.75 TL 3.01 0.22 3.17 0.22 0.95 0.07
PSB 4 2.20 OSL 2.64 0.11 3.32 0.15 0.79 0.05
Nucleus 3 1.35 TL 1.51 0.21 3.77 0.18 0.40 0.07
Dun 4 1.35 OSL 2.84 0.17 3.76 0.18 0.76 0.06
Fig. 5. Chondrite-normalized (Sun and McDonough, 1989) rare earth element
patterns of selected samples from sand and sandy silt beds, as indicated in Fig. 4a.
Sandy silt samples (1.50 and 3.00 m depth) show a distinct pattern with respect to
the sand samples (0.55, 2.40 and 4.30 m depth). The shaded ﬁeld corresponds to
four granitoid rocks located N-NW to PSB (Table 1).
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cross-beds with planar and tabular to wedge cross-stratiﬁcation,
with angular to tangential bases. Cross-beds are 1–5 cm thick,
composed by alternations of subangular coarse and medium sand.
They are well sorted in individual layers, slightly positively
skewed, with a mean grain size of 192 lm, and with a silt content
<5% (Fig. 4b). The sandy silt deposits are reddish brown to light
reddish brown (5YR 5/4 to 5YR 6/4) cross-beds with planar to
wedge cross-stratiﬁcation. They are 5–30 cm thick, mostly massive
although some laminae are recognized, sub-horizontal to horizon-
tal, locally with shallow inclinations up to 15. These deposits are
characterized by a bimodal size distribution of coarse clay-very
ﬁne silt and ﬁne sand (Fig. 4c). The sandy silt beds are moderately
indurated, weakly cemented with calcium carbonate, and they are
more resistant to erosion than the sand beds. Both types of
cross-beds form sets of 0.5–1.2 m thick, typically the sand beds
are overlain by sandy silt beds with parallel contact. The boundary
between the sandy silt and sand beds is an angular contact.
According to XRD, sand cross-beds mineralogy is characterized
by plagioclase, quartz and K feldspar, with the presence of acces-
sory amphibole and biotite (Supplementary material 1). Rounded
sand-size aggregates of silt-size minerals are a minor constituent
of the sand deposits. The sand beds are weakly cemented by cal-
cium carbonate. Analcime and halite are detected by XRD analysis
as minor constituents. The sand samples show a relatively uniform
and high SiO2 content of (72.8–65.3 wt.%, Table 1).
In the exposed section of the dune there are more than 20 layers
of sandy silt beds; however we only sampled ﬁve of the thickest
layers for analysis. The mineralogy detected by XRD consists of pla-
gioclase, quartz, K feldspar and magnetite, and a higher content of
analcime, halite, biotite and amphibole than in the sand beds. SiO2
content is lower than in the sand layers, around 60.0 wt% (Table 1).
These sediments are relatively enriched in Al2O3, Fe2O3, MgO and
Na2O. Most of the trace elements are more abundant in the sandy
silt deposits than in the sand sediments, and elements such as Li,
Co and Cs are three times more abundant. The two sandy silt sam-
ples show higher REE concentrations than the sand samples, as
well as a negative Eu anomaly and a positive Ce anomaly (Fig. 5).
Vertical variations of selected magnetic parameters are shown
in Fig. 6. Differences in magnetic concentration (v) are not sharp
or consistent with the type of sediment (sand vs. sandy silt)
(Fig. 6a). Both small SD (ARM/IRM) and ultraﬁne SP (vfd%) grains
are more abundant in the sandy silt sediments (Fig. 6b and c). Mag-
netic mineralogy is dominated by low coercivity minerals, such as
magnetite or Ti-magnetite, as S300 values are relatively high (>0.8)
(Fig. 6d). Ti-magnetites have a higher intrinsic magnetization in
comparison to high coercivity minerals such as hematite or goe-
thite, and thus concentration dependent parameters reﬂect mostly
changes in these minerals. As the v is very low, the absolute abun-
dance of hematite or goethite could be high. Samples from both
sand and sandy silt deposits have similar magnetic mineralogy.
All samples display a sharp decay in magnetization near 120 K in
low temperature measurements (Fig. 7a), which gives evidenceof the Verwey transition, characteristic of the unoxidized magne-
tite (Verwey et al., 1947). The biplot of concentration parameters
of Ti-magnetite (v) and hematite/goethite (HIRM300) shows large
scatter (Fig. 7b), indicating no correlation between the abundance
of the two main types of magnetic minerals. Grain size-dependent
parameters are better discriminators between the two types of
deposits. The biplot of v vs. ARM/v clearly differentiates between
them (Fig. 7c); while magnetic concentration is more variable in
sand sediments, they have coarser magnetite grain size (<ARM/v.
In contrast, sandy silt sediments tend to have lower magnetic con-
centrations, but in general higher content of magnetic small SD
grains (>ARM/v. This higher abundance of small SD grains is con-
sistent with higher abundance of ultraﬁne SP grains (>vfd%)
(Fig. 7d).
4.2. Luminescence chronology
TL glow and growth curves for a representative sample (Nucleus
3) as well as the best paleodose plateaus obtained from the Mej-
dahl (1988) bleaching technique for all three TL samples are shown
in Fig. 8. Table 2 displays paleodose and annual dose rate values
and the resulting ages, ranging from 0.4 ka at the top of the proﬁle
to 1.5 ka at 5.9 m depth. For OSL analysis dose recovery tests were
undertaken on 21 aliquots in total of the 6 samples (PSB 0, 1, 2, 4;
Dun 1 and 4). Aliquots were bleached for two periods each of 100 s,
separated by a 10 ks pause, in the OSL reader. A known dose was
then given to the aliquots and this dose measured in the usual
manner. The measured to given dose ratio was 0.96 ± 0.04
(n = 21), demonstrating that our SAR sequence is able to measure
accurately a dose given before any thermal treatment. The chronol-
ogy is illustrated additionally in the stratigraphic column of Fig. 4a.
In general, OSL and TL ages are chronologically consistent in the
Fig. 6. Magnetic properties of Playa San Bartolo lunette dune sediments. Analyzed
section and color pattern is indicated in Fig. 3. (a) Magnetic susceptibility (v) is a
measure of concentration of ferrimagnetic grains (mostly magnetite). (b) Higher
ARM/SIRM reﬂects smaller (0.1–0.05 lm) magnetite content. (c) vfd% indicates the
presence of ultraﬁne (<0.05 lm) grains. (d) S300 is a proxy of high coercivity
minerals (e.g. hematite or goethite). The high values (>0.8) indicate that soft (e.g.
magnetite) minerals dominate, and hematite or goethite grains are not dominant in
the magnetic mineralogy.
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1.35 m depth), where the material was dated by both methods.
The OSL age is within errors older (0.76 ± 0.06 ka) in comparison
to the TL age of 0.40 ± 0.11 ka. A horizontal difference of about
50 cm lies between both sampling sites, but nevertheless, the re-
ported OSL and TL ages are stratigraphically consistent. As this is
the shallowest sampling horizon, wind induced post-depositional
turbulences may have introduced pre-bleached quartz grains into
this strata, which more easily affects the TL age in comparison to
OSL.4.3. Sources of sediments
Based on the combined evidence from mineralogy, geochemis-
try and rock magnetism, the displayed differences between the
sand and the sandy silt deposits indicate different sources of sedi-
ments. The mineralogy of sand beds and their subangular grain
morphology, along with the uniform and high SiO2 content gives
evidence that the sands are derived primarily as erosion products
from igneous rocks. The nearest source of volcanic and plutonic
sediments to the PSB lunette is the Sierra Seri. The major element
data, SiO2 content between 65.3 and 68.2 wt% and CaO from 3.6 to
4.0 wt%, correspond well with geochemical data from nearbyLaramidic granodioritic outcrops of Bahia Kino, Sierra Seri and
Tiburon Island (Table 1) (Schaaf et al., 1999; Valencia-Moreno
et al., 2003). No volcanic components such as sanidine were de-
tected by DRX analyses, which almost certainly rules out an extru-
sive origin for the PSB sands. A common source of sand-sized
grains in lunette dunes is the sediment deposited by ﬂuvial or allu-
vial systems in the playa (Muhs, 2004; Muhs et al., 1995). Given
the composition and morphology of the grains in the PSB lunette
dune (high content of feldspars and angular grains), we consider
that ﬂuvial/alluvial-deposited sand-size grains in the playa are
most likely to be derived from local sources before being deﬂated
from the playa and accumulated in the lunette.
Evidence from the sandy silt sediments suggests that they have
a more complex origin. They are relatively enriched in elements
indicative of an evaporitic origin such as Na (Telfer and Thomas,
2006), as well as Li, that occurs in replacement minerals in evapor-
ites (Schreiber and El Tabakh, 2000). The higher abundance of anal-
cime and halite also indicates a greater contribution of evaporative
origin minerals. Analcime forms from alterations of volcanic glass
in saline, alkaline waters (Surdam and Parker, 1972), or from the
alterations of detrital clays in saline, alkaline, Na-rich brines (Remy
and Ferrell, 1989). However, the higher abundance of biotite,
amphibole and magnetite, which accounts for the higher content
of Fe2O3, TiO2 and also MgO, is explained by a detrital rather by
evaporative origin.
The REE patterns (Fig. 5) show enrichments of light REE (ca.
100 times chondritic) for both sand and sandy silt fractions.
Fig. 5 also shows REE data from four Cretaceous granitoid rocks
from coastal Sonoran plutons 15–140 km to the northwest of
PSB (Schaaf et al., 1999; Valencia-Moreno et al., 2003), including
one sample from Tiburon Island (Fig. 1). The sand and sandy silt
fractions of the PSB lunette show generally similar REE distribu-
tions in comparison to the granitic rocks. The sand fraction, which
can be partially considered as a silica-enriched weathering product
of granitic rocks, is positioned along the lower limits of the plu-
tonic sequence in Fig. 5. On the other hand, the sandy silt fraction
displays a negative Eu anomaly (plagioclase fractionation) and a
weak positive Ce anomaly, the later indicative of precipitation from
alkaline and aerobic lake waters (e.g. Möller and Bau, 1993; Kerrich
et al., 2003). The negative Eu anomaly is also characteristic of the
granitoid rocks but these rocks do not show a positive Ce anomaly.
This supports the hypothesis of different sources for sand and san-
dy silt sediments in the lunette at PSB, which is also emphasized by
the mineral magnetic analysis.
As suggested by geochemical results, the magnetic mineralogy
in the PSB lunette also indicates that the sand is mostly derived
from igneous rocks (because it is dominated by magnetite). Varia-
tions in the magnetic mineral content in the sand deposits as ob-
served in v suggest that the dilution of magnetic minerals by
diamagnetic minerals, such as quartz and feldspars, is variable. Dif-
ferences in the concentration-independent parameter of small SD
grains (ARM/v and the proxy for ultraﬁne grains (vfd%), suggest dif-
ferent sources for magnetite in sand and sandy silt sediments. In
several environments, the possible origin of ultraﬁne magnetite
grains is a rapid cooling of the volcanic rocks, pedogenic processes
or bacterial activity (e.g. Vali et al., 1987; Dearing et al., 1996;
Ortega Guerrero et al., 2000). As pedogenic features were not ob-
served in the lunette sediments, and the bacterially-mediated
magnetite formation usually requires high organic content -which
is not the case-, an authigenic origin for the ﬁne magnetite is not
plausible. Apart from a volcanic source, detritic ﬁne-grained mag-
netite may be eroded from soils and paleosols, as some of them are
enhanced in this ﬁne-size fraction in the upper horizons (Dearing
et al., 1996; Geiss and Zanner, 2007).
The origin of the mineralogy assemblages found in the sandy
silt sediments could be from either of two processes. One
Fig. 7. (a) Magnetic mineralogy estimated from low temperature (10–300 K) demagnetization curves. Both samples show a clear Verwey transition near 120 K, characteristic
of magnetite. Biplots of several magnetic parameters. (b) Hard IRM (a measure of hematite content) vs. magnetic susceptibility (v, a proxy of ferrimagnetic concentration). (c)
v vs. ARM/v (indicator of abundance of ﬁne grained SD magnetite). (d) vfd% (a proxy of ultraﬁne SP magnetite) vs. ARM/v.
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a distal, unknown source from upwind across a dry Sonoran Desert,
and deposited onto the dune as dust at the time the sand fraction
derived from local sources is also being accumulated. The
occurrence of long distance transported silt particles within arid
zones has been documented in deserts from central Australia
(Fitzsimmons et al., 2009). Silt grains may be transported thou-
sands of kilometers, as evidenced by the occurrence of Saharan
dust in marine sediments (Radczewski, 1939). Examples of mag-
netic minerals mobilized in dust for more than 50 km are found
in Owens dry lake area (USA) (Geiss et al., 2000).
The second mechanism is a combination of ﬂuvial transport for
the silt fraction, followed by eolian deﬂation and deposition onto
the dune for both sand and silt fractions. In this hypothesis, heavy
rains or storms in the Bacoachi River basin ﬂooded the PSB. Fine
grained magnetite, eroded from either the volcanic rocks of Sierra
Jojoval or from the soils developed there, as well as a fraction of
amphibole and biotite, which are slightly more abundant in the
sandy silt than in the sand deposits, were transported by the river
to the PSB. After the heavy rain episodes, evaporative minerals
such as analcime and halite precipitate, and sand-sized aggregates
of silt-clay minerals are formed by the efﬂorescence of salts or by
the mechanical disintegration of mud curls, as in the mechanism
outlined by Bowler (1973, 1983). In turn, both the detrital and
authigenic fractions are deﬂated from the playa surface and accu-
mulate on the dune, along with the sand fraction derived from lo-
cal sources.
If the silt source in PSB lunette was truly from outside the basin
and it was exclusively transported by winds, sandy silt deposits
would then imply that winds were stronger and persisted longer
during its deposition, as ﬁner grains of silt and clay (<0.050 mm)
are cohesive and can resist wind erosion (Tsoar, 1983). Although
we have no geochemical data to support or discard the transport
hypothesis, the latter ﬂuvial-eolian transport theory is more likely
as it explains the origin of the evaporative minerals in the dune
deposits more simply.
The luminescence ages support a rapid emplacement of much of
the lunette in the past centuries. A deposition rate of 0.4 cm/year
(4.35 m of sediment in 1100 yr; Fig. 4) is similar to those recordedin other arid environments like the Kalahari Desert (Telfer and
Thomas, 2006). On the other hand, sedimentation at PSB not al-
ways occurred at a constant rate. The luminescence chronology
supports, for instance, more rapid sedimentation (ca. 1 cm/year)
in the 3–5 m interval (Figs. 4 and 9). The relatively young ages
for PSB lunette suggest that sediment was deposited over a time
period of no more than 1610 years (400 ± 70 to 1500 ± 110 years;
Fig. 4). The sand deposits represent short-lived deﬂation events
from the pan ﬂoor.
4.4. Paleoenvironmental implications
It is generally agreed that changes of ﬂuvial systems and the
lowering of lake levels as response to climatic ﬂuctuations provide
sediments for subsequent deﬂation (e.g. Lancaster and Tchakerian,
2003; Tchakerian, 2009). An important period of dune formation in
the deserts of northern Mexico and south-southwestern United
States was the last glacial maximum (around 20,000 years before
present). During this time the increase and persistence in wind
velocity (Kutzbach, 1987), in combination to ﬂuctuations in the ﬂu-
vial and lacustrine systems were conditions that contributed to the
sediment transport and dune deposition (e.g. Wells et al., 1987;
Muhs and Zarate, 2001; Lancaster and Tchakerian, 2003; Tchakerian,
2009). However, in the North American arid zone, major dune-
building episodes in the Mojave and the Great Basin appear to be
highly episodic and discontinuous, controlled primarily by
sediment production, availability, as well as transport capacity
(e.g. Kocurek, 1998), rather than hemispheric or regional changes
in atmospheric pressure ﬁelds (Lancaster and Tchakerian, 2003).
It has been pointed out that at small temporal and spatial scales,
dune building episodes should not be correlated straightforward
with aridity, as eolian deposition is most likely restricted by local
controls on sediment supply and storage, wind and vegetation
(Tchakerian, 2009).
The contrasting ages between the upper PSB lacustrine sedi-
ments (17,777 cal yr B.P. at 0.5 m depth) and the analyzed section
of the dune (ca. 1.5 ka at 5 m above the playa surface) suggests
that: (1) most of the Holocene lacustrine sediment record is absent
in PSB; (2) the present ca. 12 m high PSB dune lunette may have
Fig. 8. (a). TL glow curves for natural and b-irradiated quartz grains from Nucleus 3
sample at a heating rate 5 C/s. b-Irradiation was performed with a 90Sr source
(activity: 0.0597 Gy/s). Irradiation steps correspond to 4 Gy (N + 1b), 8 Gy (N + 2b),
12 Gy (N + 3b) and 16 Gy (N + 4b). Glow curves show typical quartz peaks at 320 C.
(b). TL growth curves for the additive dose technique at selected temperatures for
the the same sample. Residual paleodoses for different periods of sun-bleaching
(SB) are shown with stippled lines. (c). Paleodose vs. temperature obtained by
combining additive growth curves with residual values produced by exposure to
sunlight for different periods (Mejdahl, 1988). Only the best plateau curves are
shown for each sample corresponding to 4 min (Nucleus 1), 5 min (Nucleus 2) and
6 min (Nucleus 3) sun-bleaching. Plateau intersections with the y-axis give the
paleodose values used for age calculation (Table 2).
Fig. 9. Age–depth graph of TL and OSL dating in Playa San Bartolo lunette dune
sediments.
Fig. 10. Comparison of regional dune accretion records (1–5), lower lake levels (6)
and reconstruction of droughts from tree-ring data in W USA and NW Mexico (7,8)
discussed in the text, and the extent of the Medieval Climatic Anomaly (MCA, AD
300–1300).
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sodes of dune formation earlier in the Holocene are absent, either
by the lack of eolian sedimentation or by remobilization of former
dunes.
The age of the exposed and analyzed section of PSB lunette cor-
relates well with the last episodes of eolian sedimentation re-
corded in western Killpecker dunes (Wyoming), which occurred
after 830 cal yr B.P., continuing at least ca. 660 yr (Mayer and Ma-
han, 2004). In the Great Basin (Corn Creek, Nevada) renewed activ-
ity started within the last 1000 yr (Quade, 1986). TL ages from
Kelso Dunes (Mojave Desert) indicate extensive reworking and
reactivation of dunes during the last 1500 years (Lancaster and
Tchakerian, 2003). At the southern margin of the Gran Desierto
de Altar (northwestern Mexico) more recent dunes are ca. 500 yr
old (Beveridge et al., 2006). These episodes of dune accretion coin-
cide with the Medieval Climatic Anomaly (1650–650 cal yr BP; AD
300–1300) (Fig. 10). Low lake levels in California are recordedbefore AD 1425, indicating that the effects of dry conditions were
synchronic and of broad geographic extent (Stine, 1994; Morgan
and Pomerleau, 2012).
A much drier climate across the western USA and the Great
Plains was documented during medieval times (Jones et al.,
1999). Megadroughts during the 16th century that affected large
areas of western North America and northern Mexico were docu-
mented by dendrochronology (Stahle et al., 2000). In northwestern
Mexico, precipitation reconstructions from tree-ring chronology
back to AD 1470 point to severe droughts centered at AD 1492
and 1560 (Villanueva et al., 2011). The reconstruction of North
American droughts since AD 800 (Cook et al., 2004) from tree-ring
data provide clear evidence of a ca. 400-year period of elevated
aridity from AD 900–1300. The authors also recognized four pre-
16th century megadroughts that lasted for decades and came in
quick succession, centered at AD 936, 1034, 1150 and 1253. Mod-
eling of the Palmer Drought Severity Index (PDSI; Palmer, 1965)
using annual tree-ring chronology datasets back to AD 800 Cook
et al. (2007) found an association between drought patterns and
sea surface temperature (SST) anomalies over tropical Paciﬁc
Ocean. As in earlier works (e.g. Herweijer and Seager, 2008), Cook
et al. (2007) emphasized the importance of the development of
‘‘La Niña-like’’ cool SSTs in the eastern tropical Paciﬁc region for
drought formation over North America.
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and Urban, 2011) found a close link between salt-rich dust produc-
tion from wet playas and winter moisture in the Mojave south
Great basin areas.
The sequence exposed in the PSB lunette may record periods of
drought conditions, when dune accretion was developed under the
drier episodes following the ‘‘La Niña-like’’ conditions, and with
episodes of heavy rainfall that ﬂooded the PSB, supplying the ﬁne
grained sediment and promoting the formation of evaporative
minerals that later were blown and accumulated over the dune.
The later rain episodes could be related to stronger summer mon-
soon, hurricanes or ‘‘El Niño-like’’ conditions, which nowadays
supply cool-season rainfall events in the region. If seasonal wind
direction and strength in the past 1500 years have remained simi-
lar than in present times, dune accretion have been higher during
the cool dry season (February–May, Fig. 2), and sources of eolian
sediment are from northern and western sources.5. Conclusions
Mineralogical, geochemical and magnetic data show clear dif-
ferences between the sand and the sandy silt of the PSB dune
deposits, which suggest different sediment sources. Based on ma-
jor and trace element geochemistry as well as by DRX data, the
PSB eolian sand particles are derived primarily as erosion products
from plutonic outcrops of Sierra Seri to the northwest of PSB. In
contrast, sandy silt deposits have a more complex origin. These
sediments have higher abundance of evaporative minerals such
as analcime and halite, and ﬁne-grained magnetic minerals and
other detritic minerals such as biotite and amphibole. Although
these minerals may have been formed upwind in distal sources
and later transported and accumulated onto the dune as dust, a
simpler explanation involving a local source is more likely. The lat-
ter implies that the evaporative minerals formed after ﬂooding epi-
sodes in PSB due to heavy rainfall in the Bacoachi River basin. In
this hypothesis, ﬁne grained magnetite, eroded from either the vol-
canic rocks of Sierra Jojoval or from the soils developed there, as
well as a fraction of amphibole and biotite, were transported by
the river to the PSB. After the heavy rains episodes, analcime and
halite precipitated, and in turn both detrital and authigenic frac-
tions are deﬂated from the playa surface and accumulate on the
dune, along the sand fraction derived from local sources. According
to this model, the history of eolian sedimentation in the Playa San
Bartolo dune lunette has been punctuated by distinct episodes of
eolian sand supply, separated by intervals of ﬂooding of PSB. The
prevailing north-westerly wind regime was an important factor
controlling the distribution of source of sands along the eastern
playa shoreline.
Stratigraphic evidence and TL/OSL dating show that the 6 m
long section analyzed of PSB lunette was formed from ca. AD 500
to 1200. No evidences of reworking of sediments are evident from
TL/OSL chronology, except in the uppermost horizons. The rela-
tively young and short ages for PSB lunette suggest that the ex-
posed section was deposited over a time period of no more than
1610 years, and lunette has since become stabilized by vegetation
in more humid and/or less windy conditions.
The general coincidence in the chronologies among PSB lunette
and dune ﬁelds in the Wyoming Basin, and Mojave, Great Basin
and Sonoran Deserts suggests that the primary controlling factor
in dune accretion and stability is climate. The episodes of dune for-
mation coincide with the Medieval Climatic Anomaly (AD 300–
1300). The age of PSB dune deposits and dunes are contemporane-
ous to megadroughts, reconstructed from tree-ring chronologies,
occurred over the AD 900–1300 period. From those studies, it
has been argued that tropical Paciﬁc SSTs are a major control onprecipitation over large parts of North America, and especially
the development of cool ‘‘La Niña-like’’ conditions to drought for-
mation. The sequence exposed in PSB lunette may record the inter-
play of climatic conditions, sediment supply, vegetation cover and
wind velocities. Under prevailing periods of drought, sparse vege-
tation cover and strong enough wind velocities, sand deposits
accumulated during the drier episodes during the ‘‘La Niña-like’’
conditions. These dry conditions were interrupted by episodes of
heavy rainfall and ﬂooding of the PSB related to summer stronger
monsoon, hurricanes or ‘‘El Niño-like’’ conditions that supplied
new sediment and promoted the formation of evaporative miner-
als, which were later accumulated in the sandy silt deposits. The
repeated cycles of drought and intense rainfall resulted in the
accretion of the PSB dune lunette. In such scenario, predicted fu-
ture drier climatic conditions may result in dune growth and the
increase of dust emission, which may have an important impact
to local ecosystems.
TL and OSL dating provide a reliable chronological framework to
investigations of past climatic conditions on stabilized dune ﬁelds.
Nevertheless, paleoenvironmental reconstructions rarely rely on
chronological data alone. In this work, we show that a multidisci-
plinary analysis can provide a better understanding on the com-
plex processes, which may occur in these dynamic deposits of
dryland environments.
Acknowledgements
Elena Centeno, Carlos Corrales and Alejandro Rodríguez assisted
in ﬁeld work. Thomas Dorfner (Munich University), Ruﬁno Lozano
and Patricia Girón (both at Instituto de Geología, UNAM) did the
XRF analyses. Ofelia Arvizu (Centro de Geociencias, UNAM) carried
out the ICP-MS trace elements analyses. The authors especially
thank to Teresa Pi for the DRX analyses. Low temperature demag-
netization was carried out at the Institute for Rock Magnetism
(IRM), University of Minnesota. The IRM is founded by the National
Science Foundation, the W.M. Keck Foundation and the University
of Minnesota. Financial support was provided by UNAM-DAGAPA
IN102595, CONACyT 1035PT9507 and 3362-T9309. Authors thank
Dr. Christoph Geiss and an anonymous reviewer whose comments
and suggestions greatly improved the manuscript.
Appendix A. Supplementary data
Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.aeolia.2013.06.
002.
References
Adamiec, G., Aitken, M., 1998. Dose-rate conversion factors: update. Ancient TL 16,
37–55.
Aitken, M., 1985. Thermoluminescence Dating. Academic Press, London, 359 pp.
Anderson, T.H., Silver, L.T., 1969. Mesozoic magmatic events of the northern Sonora
coastal region, México. Geol. Soc. Am. Abs. Prog. 1, 3.
Baray, M., Zöller, L., 1993. Aspekte der thermoluminiszenzdatierung an spätglazial-
holozänen dünen im oberrheingraben und in Brandenburg. Berliner Geogr.
Arbeit. 78, 1–33.
Belnap, J., Lange, O.L., 2001. Biological Soil Crusts: Structure, Function, and
Management. Springer-Verlag, New York.
Belnap, J., Reynolds, R.L., Reheis, M.C., Phillips, S.L., Urban, F.E., Goldstein, H.L., 2009.
Sediment losses and gains across a gradient of livestock grazing and plant
invasion in a cool, semi-arid grassland, Colorado Plateau, USA. Aeolian Res. 1,
27–43.
Beveridge, C., Kocurek, G., Ewing, R., Lancaster, N., Morthekai, P., Singhvi, A., Mahan,
A., 2006. Development of spatially diverse and complex dune-ﬁeld patterns:
Gran Desierto Dune Field, Sonora, Mexico. Sedimentology 53, 1391–1409.
Bøtter-Jensen, L., Murray, A., 1999. Developments in optically stimulated
luminescence techniques for dating and retrospective dosimetry. Radiat. Prot.
Dosim. 84, 307–315.
Bøtter-Jensen, L., McKeever, S.W.S., Wintle, A.G., 2003. Optical Stimulated
Luminescence Dosimetry. Elsevier, Amsterdam.
12 B. Ortega et al. / Aeolian Research 11 (2013) 1–13Bowler, J.M., 1973. Clay dunes: their occurrence, formation and environmental
signiﬁcance. Earth Sci. Rev. 9, 315–338. http://dx.doi.org/10.1016/0012-
8252(73)90001-9.
Bowler, J.M., 1983. Lunettes as indices of hydrologic change: a review of the
Australian evidence. Proc. R. Soc. Victoria 95, 147–168.
Bowler, J.M., 1986. Spatial variability and hydrologic evolution of Australian lake
basins: analogue for pleistocene hydrologic change and evaporate formation.
Palaeogeogr. Palaleoclimatol. Palaeoecol. 54, 21–41.
Chawla, S., Dhir, R.P., Singhvi, A.K., 1992. Thermoluminescence chronology of sand
proﬁles in the Thar desert and their implications. Quat. Sci. Rev. 11, 25–32.
Clarke, M.L., 1994. Infra-red stimulated luminescence ages from eolian sand and
alluvial fan deposits from the eastern Mojave Desert, California. Quat.
Geochron. (Quat. Sci. Rev.) 13, 533–538.
Clarke, M.L., Rendell, H.M., 1998. Climate change impacts on the sand supply and
the formation of desert sand dunes in the south-west U.S.A. J. Arid Environ. 39,
517–531.
Cook, E.R., Woodhouse, C.A., Eakin, C.M., Meko, D.M., Stahle, D.W., 2004. Long-term
aridity changes in the western United States. Science 306, 1015–1018.
Cook, E.R., Seager, R., Cane, M.A., Stahle, D.W., 2007. North America drought:
reconstructions, causes, and consequences. Earth Sci. Rev. 81, 93–134.
Dai, A., Trenberth, K.E., Qian, T., 2004. A global dataset of palmer drought severity
index for 1870–2002: relationship with soil moisture and effects of surface
warming. J. Hydrometeorol. 5, 1117–1130.
Dearing, J.A., Dann, R.J.L., Hay, K., Lees, J.A., Loveland, P.J., Maher, B.A., O´Grady, K.,
1996. Frequency dependent susceptibility measurements of environmental
materials. Geophys. J. Intern. 12, 228–240.
Elias, S.A., Van Devender, T.R., 1990. Fossil insect evidence for Late Quaternary
climatic change in the Big Bend region, Chihuahuan Desert, Texas. Quat. Res. 34,
249–261.
Fernandez-Eguiarte, A., Zavala-Hidalgo, J., Romero-Centeno, R., 2012. Atlas
Climatico Digital de Mexico. Centro de Ciencias de la Atmosfera. UNAM,
http://uniatmos.atmosfera.unam.mx/.
Fitzsimmons, K.E., Magee, J.W., Amos, K.J., 2009. Characterisation of eolian
sediments from the Strzelecki and Tirari deserts, Australia: implications for
reconstructing palaeoenvironmental conditions. Sed. Geol. 218, 61–73.
Gastil, R.G., LeMone, D.V., Stewart, W.J., 1973. Permian fusulinids from near San
Felipe, Baja California. Am. Assoc. Pet. Geol. Bull. 57, 746–747.
Gastil, R.G., Krummenacher, D., 1974. Reconnaissance geologic map of coastal
Sonora between Puerto Lobos and Bahia Kino. Geol. Soc. Am. 1 (Map chart and
series MC-16), 150,000.
Gastil, R.G., Krummenacher, D., 1977. Reconnaissance geology of coastal Sonora
between Puerto Lobos and Bahia Kino. Geol. Soc. Am. Bull. 88–2, 189–
198.
Geiss, C.E., Banerjee, S.K., Reheis, M.C., 2000. Inﬂuence of qwens (dry) lake sediment
on magnetic properties of dust samples from southern California. EOS (Suppl.
81), F369.
Geiss, C.E., Zanner, W.C., 2007. Sediment magnetic signature of climate in modern
loessic soils from the Great Plains. Quat. Int. 162–163, 97–110.
Goudie, A., Thomas, D.S.G., 1986. Lunette dunes in southern Africa. J. Arid Environ.
10, 1–12.
Herweijer, C., Seager, R., 2008. The global footprint of persistent extra-tropical
drought in the instrumental era. Int. J. Climatol. 28 (13), 1761–1774.
Holcombe, T.L., Ley, T., Gillette, D.A., 1987. Effects of prior precipitation and source
area characteristics on threshold wind velocities for blowing dust episodes,
Sonoran Desert 1948–1978. J. Appl. Meteorol. 36, 1160–1275.
Hunt, B.G., Elliot, T.I., 2002. Mexican megadrought. Climate Dynam. 20, 1–12.
Instituto Nacional de Estadística, Geografía e Informática (INEGI), 1993. ‘‘Estudio
hidrológico del Estado de Sonora’’. En coedición con el Gobierno del Estado de
Sonora.
Jones, T.L., Brown, G.M., Raab, L.M., McVickkar, J.L., Spaulding, W.G., Kennet, D.J.,
York, A., Walker, P.L., 1999. Environmental imperatives reconsidered:
demographic crises in western North America during the medieval climate
anomaly. Curr. Anthropol. 40, 137–169.
Kasper-Zubillaga, J.J., Acevedo-Vargas, B., Morton-Bermea, O., Ortiz-Zamora, G.,
2008. Rare earth elements of the Altar Desert dune and coastal sands,
northwestern Mexico. Chem. Der Erde-Geochem. 68, 45–59.
Kerrich, R., Renault, R.W., Bonli, T., 2003. Trace-element composition of cherts from
alkaline lakes in the East African Rift: a probe for ancient counterparts,
sedimentation in continental rifts. SEPM Spec. Publ. 73, 275–294.
Kocurek, G., 1998. Eolian system response to external forcing factors – a sequence
stratigraphic view of the Saharan region. In: Alsharhan, A., Glennie, K.W.,
Whittle, G.L., Kendall, C.G.St.C. (Eds.), Quaternary Deserts and Climatic Change.
A.A. Balkema, Rotterdam, pp. 327–337.
Kocurek, G., Lancaster, N., 1999. Eolian system sediment state: theory and Mojave
Desert Kelso dune ﬁeld example. Sedimentology 46, 505–515.
Kutzbach, J.E., 1987. Model simulations of the climatic patterns during the
glaciation of North America. In: Ruddiman, W.F., Wright, H.E., Jr. (Eds.), North
America and adjacent oceans during the last deglaciation, Geology of North
America, vol. K-3. Geol. Soc. Am., Boulder, pp. 425–446.
Lancaster, N., 1978. The pans of the southern Kalahari, Botswana. Geogr. J. 144, 80–
98.
Lancaster, N., 1994. Controls on eolian activity: some new perspectives from the
Kelso Dunes, Mojave Desert, California. J. Arid Environ. 27, 113–125.
Lancaster, N., 1995. Origin of the Gran Desierto sand sea, Sonora, Mexico: Evidence
from dune morphology and sedimentology. In: Tchakerian, V.P. (Ed.), Desert
Eolian Processes. Chapman and Hall, London, pp. 11–35.Lancaster, N., 2009. Dune morphology and dynamics. In: Parsons, A.J., Abrahams,
A.D. (Eds.), Geomorphology of Desert Environments, second ed. Springer, pp.
557–595.
Lancaster, N., Tchakerian, V.P., 1996. Geomorphology and sediments of sand ramps
in the Mojave Desert. Geomorphology 17, 151–165.
Lancaster, N., Tchakerian, V.P., 2003. Late Quaternary eolian dynamics, Mojave
desert, California. In: Enzel, Y., Wells, S.G., Lancaster, N. (Eds.),
Paleoenvironments and paleohydrology of the Mojave and Southern Great
Basin Deserts, 368. Geol. Soc. Am. Spec. Pap., Boulder, pp. 231–249.
Lawson, M.P., Thomas, D.S.G., 2002. Late Quaternary lunette dune sedimentation in
the southwestern Kalahari desert, South Africa: luminescence based
chronologies of eolian activity. Quat. Sci. Rev. 21, 825–836.
Lecolle, J., Lancín, M., Castro del Río, A., 1977. Contribución al estudio del
Cuaternario reciente de la Playa San Bartolo, Sonora. Revista, Inst. Geol. Univ.
Nal. Auton. Mexico 1–1, 204–217.
Lucas, S., Ortega, B., 1998. Presencia de un ejemplar de Camelops del Pleistoceno
tard+Ào en el Desierto de Sonora. Geol. Del Noroeste, Inst. Geol. Univ. Nal.
Auton. Mexico 2 (2), 29–30.
Marker, M.E., Holmes, P.J., 1995. Lunette dunes in the northeast cape, South Africa,
as geomorphic indicators of palaeoenvironmental change. Catena 24, 259–273.
Mayer, J.H., Mahan, S.A., 2004. Late Quaternary stratigraphy and geochronology of
the western Killpecker dunes, Wyoming, USA. Quat. Res. 61, 72–84.
Mejdahl, V., 1988. The plateau method for dating partially bleached sediments by
thermoluminescence. Quat. Sci. Rev. 7, 347–348.
Möller, P., Bau, M., 1993. Rare-earth patterns with positive cerium anomaly in
alkaline waters from Lake Van, Turkey. Earth Planet. Sci. Lett. 117, 671–676.
Morgan, C., Pomerleau, M.M., 2012. New evidence for extreme and persistent
terminal medieval drought in California’s Sierra Nevada. J. Paleolimnol. 47, 707–
713.
Muhs, D.R., 2004. Mineralogical maturity in duneﬁelds of North America, Africa, and
Australia. Geomorphology 59 (1–2), 247–269.
Muhs, D.R., Bush, C.A., Cowherd, S.D., Mahan, S., 1995. Geomorphic and geochemical
evidence for the source of sand in the Algodones dunes, Colorado Desert,
southeastern California. In: Tchakerian, V.P. (Ed.), Desert Eolian Processes.
Chapman and Hall, London, pp. 37–74.
Muhs, D.R., Zarate, M., 2001. Late Quaternary eolian records of the Americas and
their paleoclimatic signiﬁcance. In: Markgraf, V. (Ed.), Intrehemispheric Climate
Linkages. Academic Press, San Diego, pp. 183–216.
Muhs, D.R., Reynolds, R.L., Been, J., Skipp, G., 2003. Eolian sand transport pathways
in the southwestern United States: importance of the Colorado River and local
sources. Quat. Int. 104, 3–8.
Murray, A.S., Martin, R., Johnston, A., Martin, B., 1987. Analysis for naturally
occurring radionuclides at environmental concentrations by gamma
spectrometry. J. Radioanal. Nucl. Chem. Articles 115, 263–281.
Murray, A.S., Wintle, A.G., 2000. Luminescence dating of quartz using an improved
single-aliquot regenerative-dose protocol. Radiat. Measur. 32, 57–73.
Murray, A.S., Clemmensen, L.B., 2001. Luminescence dating of Holocene Eolian sand
movement, Thy, Denmark. Quat. Sci. Rev. 20, 751–754.
Murillo, J.M., Gorsline, D.S., Goodfriend, G.A., Vlasov, V.K., Cruz-Orozco, R., 1999.
Evidence of Holocene climatic changes from eolian deposits in Baja California
Sur, Mexico. Quat. Int. 56, 141–154.
Okin, G.S., Reheis, M.C., 2002. An ENSO predictor of dust emission in the
southwestern United States. Geophys. Res. Let. 29. http://dx.doi.org/10:1029/
2001GL014494, 3p.
Olley, J.M., Murray, A.S., Roberts, R.G., 1996. The effects of disequilibria in the
uranium and thorium decay chain on burial dose rates in ﬂuvial sediments.
Quat. Geochron. (Quat. Sci. Rev.) 15, 751–760.
Ortega Guerrero, B., Thompson, R., Urrutia Fucugauchi, J., 2000. Magnetic properties
of lake sediments from Lake Chalco, central Mexico, and their
palaeoenvironmental implications. J. Quat. Sci. 15 (2), 127–140.
Ortega, B., Caballero, M., Lozano, S., Vilaclara, G., Rodriguez, A., 2006. Rock Magnetic
and Geochemical Proxies for Iron Mineral Diagenesis in a Tropical Lake: Lago
Verde, Los Tuxtlas, East-Central Mexico. Earth Planet Sci. Lett. 250, 444–458.
Palmer, W.C., 1965. Meteorological drought. Research Paper, vol. 45. U.S. Weather
Bureau.
Petit-Maire, N., Casta, L., 1977. Un paleolac du nord-ouest mexicain: la Playa San
Bartolo. Recherches françaises sur le Quaternaire INQUA. Suppl. Bull. AFEQ 50,
304–321.
Petit-Maire, N., Lancin, M., 1977. Un paleolago del NW mexicano en su conjunto
paleontológico, la Playa San Bartolo (Sonora), implicaciones
paleoclimatológicas. Revista, Instituto de Geologia, Universidad Nacional
Autonoma de Mexico 2, 84.
Prószynska-Bordas, H., 1985. TL dating of loess and fossil soils from the last
interglacial-glacial cycle. Nucl. Tracks 10, 737–742.
Pye, K., 1987. Eolian Dust and Dust Deposits. Academic Press, London, 334 pp.
Pye, K., Tsoar, H., 1990. Eolian Sand and Sand Dunes. Unwin Hyman, London.
Quade, J., 1986. Late Quaternary environmental changes in the upper Las Vegas
Valley, Nevada. Quat. Res. 26, 340–357.
Radczewski, O.E., 1939. Eolian deposits on marine sediments. In: Trask, P.D. (Ed.),
Recent Marine Sediments: A Symposium. The American Association of
Petroleum Geologists, Oklahoma, pp. 496–502.
Reheis, M.C., 2006. A 16-year record of eolian dust in southern Nevada and
California, USA: controls on dust generation and accumulation. J. Arid. Environ.
67, 487–520.
Reheis, M.C., Urban, F.E., 2011. Regional and climatic control on seasonal dust
deposition in the southwestern U.S. Aeolian Res. 3, 3–21.
B. Ortega et al. / Aeolian Research 11 (2013) 1–13 13Remy, R.R., Ferrell, R.E., 1989. Distribution and origin of analcime in marginal
lacustrine mudstones of the Green River Formation, south-central Uinta Basin,
Utah. Clays Clay Min. 37, 419–432.
Reynolds, R.L., Yount, J.C., Reheis, M., Goldstein, H., Chavez Jr, P., Fulton, R., Whitney,
J., Fuller, C., Forester, R.M., 2007. Dust emissions from wet and dry playas in the
Mojave Desert, USA. Earth Surf. Proc. Landforms 32, 1811–1827.
Schaaf, P., Roldan-Quintana, J., Calmus, T., 1999. Terrane reconnaissance in NW
Sonora, México, in the light of Sr-Nd-Pb isotopic data from coastal belt
granitoids. Am. Geophys. Union, Fall Meeting Abstracts. San Francisco, p. F1080.
Schreiber, B.C., El Tabakh, M., 2000. Deposition and early alteration of evaporites.
Sedimentology 47, 215–238.
Servicio Geologico Mexicano (SGM), 1999. Cartas geologico minera del estado de
Sonora 1: 250,000, cartas Isla de la Guarda (H12–17), Hermosillo (H12–8), Isla
San Esteban (H12–10) y Sierra Libre (H12–11). http://sgm.gob.mx.
Shreve, F., Wiggins, I., 1964. Flora and Vegetation of the Sonoran Desert. Stanford
University Press, Stanford.
Stahle, D.W., Cook, E.R., Cleaveland, M.K., Tjerrell, M.D., Meko, D.M., Grissino-Mayer,
H.D., Watson, E., Luckman, B.H., 2000. Tree-ring data document 16th Century
megadrought over North America. EOS Trans. 81 (12), 121–125. American
Geophysical Union.
Stine, S., 1994. Extreme and persistent drought in California and Patagonia during
medieval time. Nature (Lond) 369, 546–549.
Stout, J.E., 2001. Dust and environment in the southern High Plains of North
America. Jour. Arid. Environ. 47, 425–441.
Stuiver, M., Reimer, P., 1993. Extended 14C data base and revised Calib 3.0
calibration program. Radiocarbon 35, 215–230.
Sun, S.S., McDonough, W.F., 1989. Chemical and isotopic systematics of oceanic
basalts; implications for mantle composition and processes. In: Saunders, A.D.,
Norry, M.J. (Eds.), Magmatism in the Ocean Basins, 42. Spec. Publ. Vol. Geol. Soc.
Lond., London, pp. 313–345.
Surdam, R.C., Parker, R.D., 1972. Authigenic aluminosilicate minerals in the
tuffaceous rocks of the Green River Formation, Wyoming. Geol. Soc. Am. Bull.
83, 689–700.Tchakerian, V.P., 1991. Late Quaternary Eolian geomorphology of the Dale Lake Sand
Sheet, southern Mojave Desert, California. Phys. Geograph. 12, 347–369.
Tchakerian, V.P., 2009. Paleoclimatic interpretations from desert dunes and
sediments. In: Parsons, A.J., Abrahams, A.D. (Eds.), Geomorphology of Desert
Environments, second ed. Springer, pp. 757–772.
Tchakerian, V.P., Lancaster, N., 2002. Late Quaternary arid/humid cycles in the
Mojave desert and western Great Basin of North America. Quat. Sci. Rev. 21,
799–810.
Telfer, M.W., Thomas, D.S.G., 2006. Complex Holocene lunette dune development,
South Africa: Implications for paleoclimate and models of pan development in
arid regions. Geology 34 (10), 853–856.
Thomas, D.S.G., Nash, D.J., Shaw, P.A., Van der Post, C., 1993. Present day lunette
sediment cycling at Witpan in the arid southwestern Kalahari desert. Catena 20,
515–527.
Tsoar, H., 1983. Dynamic processes acting on a longitudinal (seif) dune.
Sedimentology 30, 567–578.
Valencia-Moreno, M., Ruiz, J., Ochoa-Landin, L., Martínez-Serrano, R., Vargas-
Navarro, P., 2003. Geology and geochemistry of the coastal Sonora Batholith.
Northwestern Mexico. Can. J. Earth Sci. 40, 819–831.
Vali, H., Forster, O., Amarantidis, G., Petersen, N., 1987. Magnetotactic bacteria and
their magnetofossils in sediments. Earth Plan. Sci. Lett. 86, 389–400.
Verwey, E.J., Haayman, P.W., Romeijin, F.C., 1947. Physical properties and cation
arrangements of oxides with spinel structure. J. Chem. Phys. 15, 181–187.
Villanueva, J., Cerano, J., Stahle, D.W., Luckman, B.H., Therrell, M.D., Cleaveland,
M.K., Fulé, P.Z., 2011. La dendrocronología y reconstrucciones paleoclimáticas
del norte-centro de México. In: Caballero, M., Ortega, B. (Eds.), Escenarios de
cambio climático, registros del Cuaternario en América Latina. Dirección
General de Fomento Editorial UNAM, México, pp. 47–72.
Wagner, G.A., 1998. Age Determinations of Young Rocks and Artefacts. Springer-
Verlag, Berlin, Heidelberg, New York.
Wells, S.G., McFadden, L.D., Dohrenwend, J.C., 1987. Inﬂuence of the late Quaternary
climatic changes on geomorphic and pedogenic processes on a desert piedmont,
eastern Mojave Desert, California. Quat. Res. 27, 130–146.
